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Eletron sattering from the three-nuleon bound state with two- and three-body disintegration
is desribed. The desription uses the purely nuleoni harge-dependent CD-Bonn potential and
its oupled-hannel extension CD-Bonn + ∆. Exat solutions of three-partile equations are em-
ployed for the initial and nal states of the reations. The urrent has one-baryon and two-baryon
ontributions and ouples nuleoni with ∆-isobar hannels. ∆-isobar eets on the observables
are isolated. The ∆-isobar exitation yields an eetive three-nuleon fore and eetive two- and
three-nuleon urrents beside other ∆-isobar eets; they are mutually onsistent.
PACS numbers: 21.45.+v, 21.30.-x, 24.70.+s, 25.10.+s
I. INTRODUCTION
Eletron sattering from the three-nuleon bound state
is desribed allowing for the exitation of a nuleon to a∆
isobar. The available energy stays below pion-prodution
threshold; thus, the exitation of the ∆ isobar remains
virtual. The ∆ isobar is therefore onsidered a stable
partile; it yields an eetive three-nuleon fore and
eetive exhange urrents beside other ∆-isobar eets.
The paper updates our previous alulations [1℄ of
three-nuleon eletron sattering. Compared to Ref. [1℄,
the desription is extended to higher energies, and three-
nuleon breakup is also inluded; however, energeti-
ally the desription is only valid below pion-prodution
threshold. Exlusive and inlusive reations are de-
sribed. The employed dynamis is the same as in Ref. [2℄
for photo reations. The underlying purely nuleoni ref-
erene potential is CD Bonn [3℄. Its oupled-hannel ex-
tension, alled CD Bonn + ∆, is employed in this paper;
it is tted in Ref. [4℄ to the experimental two-nuleon data
up to 350 MeV nuleon lab energy; it is as realisti as CD
Bonn. The exat solution of the three-partile sattering
equations is used for the initial- and nal-state hadroni
interations. They are solved by Chebyshev expansion of
the two-baryon transition matrix as interpolation teh-
nique [5℄; that tehnique is found highly eient and
systemati. The employed eletromagneti (e.m.) ur-
rent is struturally the same as in Ref. [2℄ for photo rea-
tions. It is a oupled-hannel urrent tuned to the used
two-baryon potentials as muh as possible. It ontains
one- and two-baryon parts. Compared with Ref. [2℄ it is
augmented with e.m. form fators.
An alternative desription of e.m. proesses in the
three-nuleon system is given in Refs. [6, 7, 8℄; Refs. [6, 7,
8℄ employ a dierent two-nuleon potential and a dier-
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ent e.m. urrent; nevertheless, the theoretial preditions
of Refs. [6, 7, 8℄ and of this paper turn out to be quali-
tatively quite similar where omparable.
Setion II realls our alulational proedure and es-
peially stresses its improvements. Setion III presents
harateristi results for observables; ∆-isobar eets on
those observables are isolated. Setion IV gives a sum-
mary and our onlusions.
II. CALCULATIONAL PROCEDURE
The kinematis of the onsidered proesses in ele-
tron sattering is shown in Fig. 1. The alulational
proedure, inluding the notation, is taken over from
Refs. [1, 2℄. We remind the reader shortly of that pro-
edure in order to point out hanges and to desribe the
extension to three-body eletro disintegration and to in-
lusive proesses, not disussed in Ref. [1℄.
A. Desription of exlusive reations with
three-body disintegration
The S-matrix and the spin-averaged and spin-
dependent ross setions for two-body eletrodisintegra-
tion of the trinuleon bound state are given in Ref. [1℄. In
this subsetion we add the orresponding quantities for
three-body eletrodisintegration. The right part of Fig. 1
realls the employed notation for the individual partile
momenta of the trinuleon bound state, the three nu-
leons of breakup and the eletron; i.e., kB, kj and ke.
They are on-mass-shell four-momenta. The orrespond-
ing partile energies are the zero omponents of those
momenta, i.e., k0Bc, k
0
j c and k
0
ec; they are relativisti ones
with the respetive rest masses mB, mN and me, in on-
trast to the nonrelativisti baryoni energies of the non-
relativisti model alulation of baryoni states without
rest masses, i.e., EB(kB) = EB+k
2
B/6mN , EB being the
three-nuleon binding energy, and EN (kj) = k
2
j/2mN .
2kB kB
Q Q
kei kei
kef kefkdkN k1 k2 k3
FIG. 1: Shemati desription of eletrodisintegration of the
three-nuleon bound state. Momenta are assigned to the par-
tiles involved. The lines for the deuteron and the three-
nuleon bound state are drawn in a speial form to indiate
their ompositeness.
We give two alternative forms for the S-matrix ele-
ments:
〈fPf |S|iPi〉 =− i(2π~)4δ(kef + k1 + k2 + k3 − kei − kB)
× 〈sf |M |si〉(2π~)−9
× [2k0eic 2k0Bc 2k0ef c 2k01c 2k02c 2k03c]−1/2,
(1a)
〈fPf |S|iPi〉 =− i
~c
δ
(
k0ef c+ EN (k1) + EN (k2)
+ EN (k3)− k0eic− EB(kB)
)
× δ(kef + k1 + k2 + k3 − kei − kB)
× 1
(2π)2
[
2k0ef c 2k
0
ef c
]− 1
2
× u¯(kef sef )γµu(keisei)
4πe2p
(kef − kei)2
× 1
epc
〈ψ(−)0 (pfqf )ν0f |jµ(Q,K+)|B〉.
(1b)
Equation (1a) introdues a ovariant form, whereas
Eq. (1b) is the nonovariant quantum mehanial real-
ization of it. P is the total momentum inluding the one
of the eletron, (pqK) the Jaobi momenta of the three
baryons aording to Ref. [9℄; K+ = Ki +Kf ; i and f
indiate the initial and nal states of the reation. u(ks)
is the Dira spinor of the eletron with positive energy in
the normalization u¯(ks′)u(ks) = mec2δs′s; 〈sf |M |si〉 is
the singularity-free matrix element for three-nuleon ele-
trodisintegration, from whih the dierential ross se-
tion is obtained. Its dependene on the spin projetions
sei andMB of eletron and trinuleon bound state in the
initial hannel, olletively desribed by si, and on the
spin projetions sef and msf of eletron and nuleons in
the nal hannel, olletively desribed by sf , are expli-
itly indiated. 〈sf |M |si〉 is Lorentz-invariant in a rela-
tivisti desription and an therefore be alulated in any
frame. However, when alulated aording to Eq. (1b)
in the framework of nonrelativisti quantum mehanis,
〈sf |M |si〉 loses that property of being a Lorentz salar.
The lab ross setion takes the following ompat form
d8σi→f =
∣∣〈sf |M |si〉∣∣2fps dEe(kef ) d2kˆef dS d2kˆ1 d2kˆ2
(2a)
with the abbreviation fps for a phase-spae fator; in the
lab frame fps is
fps =
k0ef
(2π~)864c7k0eimB
k21k
2
2
× {k21[|k2|(k02 + k03)− k02kˆ2 · (Q−k1)]2
+ k22
[|k1|(k01 + k03)− k01kˆ1 · (Q−k2)]2}− 12 , (2b)
fps =
k0ef
(2π~)864c8k0eimNmB
k21k
2
2
× {k21[2|k2| − kˆ2 · (Q−k1)]2
+ k22
[
2|k1| − kˆ1 · (Q−k2)
]2}− 1
2 . (2)
Equation (2) is the nonrelativisti version of Eq. (2b);
dS is the element of arlength S as used in Ref. [2℄.
The ross setion (2a) is still spin-dependent. The spin-
averaged eightfold dierential ross setion is
d8σ
dEe(kef )d
2kˆef dS d
2kˆ1 d2kˆ2
=
1
4
∑
sfsi
d8σi→f
dEe(kef )d
2kˆef dS d
2kˆ1 d2kˆ2
; (3)
in gures it is denoted by d8σ/dEedΩedSdΩ1dΩ2, the
traditional notation. The experimental setup determines
the isospin harater of the two deteted nuleons 1 and 2;
their isospin harater is not followed up in our notation.
We alulate the matrix element 〈sf |M |si〉 in the lab
frame using the following omputational strategy. The
strategy is in the spirit of Ref. [2℄; it is nonunique, sine
the model alulations, due to the limitations of the un-
derlying dynamis, miss the trinuleon binding energy;
the neessary orretion for that miss has arbitrary fea-
tures:
1. The experimental four-momentum transfer
Q = kei − kef , (4a)
Q = k1 + k2 + k3 − kB (4b)
determines the total energy and the total momentum of
the hadroni part of the system in the nal hannel. This
step is done using relativisti kinematis and the true
experimental trinuleon binding energy. The experimen-
tal momentum Q in the lab frame with Ki = kB = 0
determines the total momentum Kf and the energy
E0(pfqfKf ) of the nal three-nuleon system in the lab
frame, i.e., Kf = Q and E0(pfqfKf ) = EB +Q0c. The
3resulting energy E0(pfqfKf ) of the nal state is the
true experimental one. Thus, the experimental two- and
three-body breakup thresholds are exatly reprodued.
2. The matrix element 〈sf |M |si〉 is alulated in the
lab system as on-energy-shell element under nonrelativis-
ti model assumptions for hadron dynamis. Taking the
omputed trinuleon model binding energy EB and the
average nuleon mass mN , i.e., mNc
2 = 938.919 MeV,
the energy transfer Q0 to be used for the urrent ma-
trix element results, i.e., Q0c = E0(pfqfKf) − EB;
the three-momentum transfer Q to be used for the ur-
rent matrix element is Q =
√
Q20 +Q
2Kˆf with the
true experimental value of Q2; note that we dene the
square of the spae-like four-momentum transfer posi-
tive as Q2 = Q2 − Q20. Sine the model trinuleon
binding energy is not the experimental one, the ompo-
nents of the resulting four-momentum transfer Q do not
math preisely their experimental values when alulat-
ing the part 〈ψ(−)0 (pfqf )ν0f |jµ(Q,K+)|B〉 of the ma-
trix element 〈sf |M |si〉 aording to Eq. (5) below; this
strategy is hosen in order to preserve the experimental
Q2 as in photo reations [2℄. The internal three-nuleon
energy part of the nal state is p2f/mN + 3q
2
f/4mN =
E0(pfqfKf )−K2f/6mN .
3. The lab ross setion is alulated nonrelativisti-
ally; it is onstruted from the following form of the
matrix element
〈sf |M |si〉 =~
c
(2π~)3u¯(kef sef )γµu(keisei)
4πe2p
(kef − kei)2
× 1
epc
〈ψ(−)0 (pfqf )ν0f |jµ(Q,Q)|B〉
× [2mNc2]3/2[2mBc2]1/2 (5)
and from the nonrelativisti phase-spae fator fps in the
form (2). As disussed in Ref. [2℄ one ould hoose the
hadroni kinematis nonrelativistially for the dynami
matrix element 〈sf |M |si〉 on one side and relativistially
for the kinematial fators on the other side. That split
alulational strategy an be arried out with ease for the
observables of exlusive proesses. However, when total
ross setions or inelasti struture funtions in inlusive
proesses are alulated, we resort to a partiular teh-
nial sheme as already desribed in Ref. [2℄ for the total
photo ross setion: The energy-onserving δ-funtion in
the phase-spae element is rewritten as imaginary part
of the full resolvent and that full resolvent has to be
made onsistent with the employed nonrelativisti dy-
namis of the model alulations. Thus, the split alu-
lational strategy, developed in Ref. [1℄, annot be arried
through for total ross setions and inelasti struture
funtions. We therefore do not use it in our standard
alulational proedure; we use it only for exlusive ross
setions when testing the validity of the employed non-
relativisti kinematis.
B. Desription of inlusive reations
We assume that the eletron beam is polarized with
the eletron heliity he and that the trinuleon target
is polarized aording to the polarization vetor nB =
(sin θB cosϕB, sin θB sinϕB, cos θB); the angles are taken
with respet to the diretion Qˆ. We use the same deni-
tion of oordinate axes as Ref. [1℄.
The inlusive spin-dependent dierential ross setion
has the form
d3σ(he,nB)
dEe(kef )d
2kˆef
= σMott{vL(Qθe)RL(Q) + vT (Qθe)RT (Q)
+ he[vT ′(Qθe)RT ′(Q)nBz
+ vTL′(Qθe)RTL′(Q)nBx]} (6)
with the Mott ross setion σMott and the kinemati-
al funtions vL(Qθe), vT (Qθe), vT ′(Qθe) and vTL′(Qθe)
given in Ref. [1℄, and with the inlusive response fun-
tions RL(Q), RT (Q), RT ′(Q) and RTL′(Q) given in Ap-
pendix A. The longitudinal and transverse response fun-
tions RL(Q) and RT (Q) refer to a spin averaged tar-
get, RT ′(Q) and RTL′(Q) are harateristi for the spin
struture of the target. Experiments usually measure the
asymmetry A(nB), i.e.,
A(nB) =
[
d3σ(1,nB)
dEe(kef )d
2kˆef
− d
3σ(−1,nB)
dEe(kef )d
2kˆef
]/
[
d3σ(1,nB)
dEe(kef )d
2kˆef
+
d3σ(−1,nB)
dEe(kef )d
2kˆef
]
, (7a)
A(nB) =
vT ′(Qθe)RT ′(Q)nBz + vTL′(Qθe)RTL′(Q)nBx
vL(Qθe)RL(Q) + vT (Qθe)RT (Q)
.
(7b)
When orienting the target spin parallel to the momentum
transfer Q, i.e., nBT ′ = (0, 0, 1), the transverse asymme-
try AT ′ = A(nBT ′) is seleted; when orienting the target
spin perpendiular to the momentum transfer Q, but in
the eletron sattering plane, i.e., nBTL′ = (1, 0, 0), the
transverse-longitudinal asymmetry ATL′ = A(nBTL′) is
seleted.
III. RESULTS
We present results for spin-averaged and spin-
dependent observables in eletro disintegration of the
three-nuleon bound state. The presented exlusive re-
sults refer to three-body disintegration. Results of ex-
lusive two-body disintegration are not shown; results
for them are given in Ref. [1℄; ontrol alulations indi-
ate that the results of Ref. [1℄ do not get any essential
physis hange, though the hadroni interation and the
e.m. urrent are improved ompared with Ref. [1℄.
The results of this paper are based on alulations
derived from the purely nuleoni CD-Bonn potential [3℄
4and its oupled-hannel extension [4℄, whih allows for
single ∆-isobar exitation in isospin-triplet partial waves.
The ∆ isobar is onsidered to be a stable partile of
spin and isospin
3
2 with a rest mass m∆c
2
of 1232 MeV.
In ontrast to the oupled-hannel potential onstruted
previously by the subtration tehnique [10℄ and used in
the alulations of Ref. [1℄, the new one of Ref. [4℄ and
used in this paper is tted properly to data and aounts
for two-nuleon sattering data with the same quality
as the original CD-Bonn potential. We desribe rst the
standard alulational proedure whih this paper follows.
The baryoni potential is taken into aount in purely
nuleoni and in nuleon-∆ partial waves up to the total
two-baryon angular momentum I = 3. The alulations
omit the Coulomb potential between harged baryons.
Nevertheless, the theoretial desription is harge depen-
dent. For reations on
3He the proton-proton (pp) and
neutron-proton (np) parts of the potentials are used, for
reations on
3H the neutron-neutron (nn) and np parts.
Assuming harge independene, the three-nuleon bound
state and nuleon-deuteron sattering states are pure
states with total isospin T = 12 ; the three-nuleon sat-
tering states have total isospin T = 12 and T = 32 , but
those parts are not oupled by hadron dynamis. In on-
trast, allowing for harge dependene, all three-baryon
states have T = 12 and T = 32 omponents whih are dy-
namially oupled. For hadroni reations that oupling
is found to be quantitatively important in the
1S0 par-
tial wave [11℄; in other partial waves the approximative
treatment of harge dependene as desribed in Ref. [11℄
is found to be suient; it does not ouple total isospin
T = 12 and 32 hannels dynamially. The same holds
for the hadroni dynamis in e.m. reations onsidered
in this paper: The eet of harge dependene is domi-
nated by the
1S0 partial wave; it is seen in some parti-
ular kinemati situations, but we refrain from disussing
them in detail in this paper. However, the alulations
of e.m. reations require total isospin T = 32 omponents
of sattering states in all onsidered isospin-triplet two-
baryon partial waves, sine the e.m. urrent ouples the
T = 12 and T = 32 omponents strongly.
The three-partile equations for the trinuleon bound
state |B〉 and for the sattering states are solved as in
Ref. [5℄; in fat, the sattering states are alulated only
impliitly as desribed in Appendix A. The resulting
binding energies of
3He are -7.941 and -8.225 MeV for CD
Bonn and CD Bonn +∆, respetively. If the Coulomb in-
teration were taken into aount, as proper for
3He, the
binding energies shift to -7.261 and -7.544 MeV, whereas
the experimental value is -7.718 MeV. Nevertheless, we
use the purely hadroni energy values and bound-state
wave funtions for onsisteny when alulating the ur-
rent matrix elements, sine we are unable to inlude the
Coulomb interation in the sattering states.
Whereas the baryoni potential is onsidered up to
I = 3, the e.m. urrent is allowed to at between par-
tial waves up to I = 6, the higher partial waves being
reated by the geometry of antisymmetrization. The
e.m. urrent is taken over from Ref. [2℄ augmented by
e.m. form fators. Whereas the employed urrent opera-
tors depend on the three-momentum transferQ only, the
added e.m. form fators depend on the four-momentum
transfer Q2 = Q2 − Q20 as disussed in Appendix A of
Ref. [2℄, Q0 being taken as the energy transfer to the
nulear system. The urrent is expanded in multipoles
as desribed in Refs. [12, 13℄; urrent onservation is
imposed expliitly by replaing the longitudinal urrent
part by its harge part. The tehnique for alulating
multipole matrix elements is developed in Ref. [12℄; a
speial stability problem [14℄ arising in the alulation re-
quires some modiations of that tehnique as desribed
in Ref. [13℄. The eletri and magneti multipoles are
alulated from the one- and two-baryon parts of the spa-
tial urrent; the Siegert form of eletri multipoles is not
used. The Coulomb multipoles are alulated from di-
agonal single-nuleon and single-∆ parts of the harge
density; the nuleon-∆ transition ontribution as well as
two-baryon ontributions are of relativisti order and are
therefore omitted in the harge-density operator when
alulating Coulomb multipoles.
The number of onsidered urrent multipoles is lim-
ited by the maximal total three-baryon angular momen-
tum Jmax = 252 , taken into aount for the hadroni
sattering states. The results for the onsidered e.m.
reations appear fully onverged with respet to higher
two-baryon angular momenta I, with respet to ∆-isobar
oupling and with respet to higher three-baryon angular
momenta J on the sale of auray whih present-day
experimental data require, the exeption being only ex-
lusive observables in the viinity of the quasielasti peak
whih show poorer onvergene with respet to J .
A. E.m. form fators of the three-nuleon bound
state and detailed hoie of urrent
The trinuleon form fators refer to elasti eletron
sattering. The form fators are alulated in order
to hek how realisti the underlying urrent operators
are for the momentum transfers required later on in in-
elasti eletron sattering; they are alulated in the
Breit frame, i.e., as funtions of Q =
√
Q2 = |Q|; we
will make sure in the text that the magnitude Q will
not be onfused with the four vetor Q. As ustom-
ary we give Q in this subsetion in units of fm−1 with
1 fm−1 ≈ 200 MeV/c in ontrast to the remainder of the
paper. The operator forms are dened in Appendix A of
Ref. [2℄ with the hadroni parameters of the CD Bonn
and CD Bonn + ∆ potentials and with the following ad-
ditional hoies for the baryoni and mesoni e.m. form
fators.
We employ the reent parametrization of the nule-
oni e.m. form fators as given in Ref. [15℄; it is tuned
to new form fator data for the proton and the neutron
and is therefore rather dierent at momentum transfers
larger than 3 fm−1 ompared with older parametrizations
5as those of Ref. [16℄, used by us previously in Refs. [1, 14℄.
We take the Sahs form fators gE(Q
2) and gM (Q
2) of
Ref. [15℄ as the form fators e(Q2) and µ(Q2) in Appendix
A of Ref. [2℄; in the ontext of the two-baryon potentials
CD Bonn and CD Bonn +∆ of this paper the two-baryon
exhange urrents of Eqs. (A5)  (A7) in Ref. [2℄ are
used with the isovetor form fators eV (Q2) = gVE (Q
2)
instead of the Dira form fator fV1 (Q
2), used previously
[1, 14℄ in the ontext of the potentials Paris and Paris
+ ∆. However, the two-baryon exhange urrents, orre-
sponding to nondiagonal meson exhanges aording to
Eqs. (A5) and (A6) of Ref. [2℄, are used with form fators
fρpiγ(Q
2) = gρpiγf
S
1 (Q
2) and fωpiγ(Q
2) = gωpiγf
V
1 (Q
2).
In ontrast to Ref. [2℄, we hoose for the nuleon-∆
transition form fator gM1∆N(Q
2) the oupling strength
as gM1∆N(0) = 4.59µN , µN being the nulear magneton.
The oupling strength is in aordane with the relation
gM1∆N(0) =
3
2G
∗
M (0) to the transition magneti moment
G∗M (0) and with its experimental value G
∗
M (0) = 3.06µN
of Ref. [17℄, the experimental value being a bit larger than
the quark model value 2.63µN . The momentum-transfer
dependene of gM1∆N(Q
2) is taken as gM1∆N(Q
2)/gM1∆N(0) =
e−γQ
2
/(1 + Q2/Λ2∆N)
2
with γ = 0.21 (GeV/c)−2 and
Λ2∆N = 0.71 (GeV/c)
2
aording to Fig. 2 of Ref. [17℄; the
momentum-dependent fall of the form fator gM1∆N (Q
2) is
slightly faster than for a dipole.
Figure 2 shows the trinuleon harge form fators. The
relativisti operator orretions as given in Eqs. (A11) of
Ref. [2℄ and the additional orretions of ρ and ω ex-
hange of Ref. [18℄ are neessary to aount for the data
at least roughly at larger momentum transfers. Those rel-
ativisti orretions are, however, omitted in our standard
alulational proedure for eletrodisintegration. Most
disintegration proesses, onsidered in this paper, require
the urrent up to momentum transfers |Q| ≈ 2.5 fm−1;
in that kinemati regime the employed relativisti or-
retions are still small. However, even in that limited
kinemati regime the preditions based on that standard
alulational proedure show more deviations from data
with inreasing momentum transfer. The found agree-
ment between data and the theoretial preditions with
relativisti orretions for the trinuleon harge form fa-
tors is omparable with the results of Refs. [19, 20℄, based
on other baryoni potentials. In ontrast to the relativis-
ti orretions, the nonrelativisti ∆-isobar eet on the
harge form fators is minute and therefore not separately
shown in Fig. 2.
The trinuleon magneti moments are given in Table I
and the magneti form fators are shown in Fig. 3. The
agreement between data and theoretial preditions is
quite satisfatory for the magneti moments and for the
form fators up to Q = 5 fm−1; beyond Q = 5 fm−1 the
predited form fators are too small in magnitude and
have a shape not onsistent with the data around the se-
ondary maximum. In ontrast to the harge, exhange
orretions of the spatial urrent are of nonrelativisti
order and they ontribute already at momentum trans-
fers relevant for the onsidered disintegration proesses;
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FIG. 2: Charge form fators FC of
3He and 3H as funtion
of momentum transfer Q. Results of the oupled-hannel po-
tential with ∆-isobar exitation without (solid urves) and
with seleted relativisti harge operator orretions (dashed
urves) are ompared. The results of the purely nuleoni
CD-Bonn potential are almost indistinguishable from the re-
spetive results of CD Bonn + ∆. The experimental data are
from Ref. [21℄.
they are therefore fully inluded in our standard alu-
lational proedure. In the ontext of the potentials CD
Bonn and CD Bonn + ∆, the use of the isovetor form
fators gVE (Q
2) for diagonal meson-exhange urrents is
absolutely neessary; the use of fV1 (Q
2) instead moves
the rst minima out, i.e., beyond 7 fm−1.
At the larger momentum transfers Q > 3 fm−1 we note
a sensitivity of the theoretial preditions for the harge
and magneti form fators upon the parametrization of
the underlying harge and urrent operators, espeially
on the e.m. form fators of baryons. Furthermore, as al-
ready disussed in Ref. [2℄, the math between hadroni
and e.m. dynamis has deienies, i.e., the two-baryon
potentials being nonloal, whereas the employed e.m.
urrents being loal; also the use of a nonrelativisti de-
sription of the hadron dynamis at those momentum
transfers is questionable. However, the observed theoret-
ial unertainties and the disrepanies with data, our-
ring at larger momentum transfers, are not relevant for
most disintegration proesses, onsidered in this paper.
6µ(3He) µ(3H)
CD Bonn −2.073 2.906
CD Bonn + ∆ −2.139 2.970
Experiment −2.127 2.979
TABLE I: Magneti moments µ of 3He and 3H in units of
the nulear magneton µN .
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FIG. 3: Magneti form fators FM of
3He and 3H as fun-
tion of momentum transfer Q. Results of the oupled-hannel
potential with ∆-isobar exitation (solid urves) are om-
pared with referene results of the purely nuleoni CD-Bonn
potential (dashed urves). The experimental data are from
Ref. [21℄. Both, data and theoretial preditions, are divided
by the experimental magneti moments as given in Table I.
B. Exlusive three-nuleon breakup
To the best of our knowledge, there are no fully exlu-
sive experimental data of three-nuleon breakup in the
onsidered energy regime. As in hadroni and photo re-
ations we observe more signiant ∆-isobar eets at
higher energies. Figure 4 presents sample results for the
spin-averaged eightfold dierential ross setion of the
three-body eletro disintegration of
3He with a moderate
∆-isobar eet.
Referene [22℄ presents results for the eightfold dif-
ferential ross setion d8σ/dEedΩe dE1 dΩ1 dΩ2 averaged
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FIG. 4: Eightfold dierential ross setion of three-body
eletrodisintegration of
3He, i.e., 3He(e, e′pp)n, at 390 MeV
eletron lab energy as a funtion of the arlength S along the
kinematial urve. The eletron sattering angle, the momen-
tum and energy transfer are θe = 39.7
◦
, |Q| = 250.2 MeV/c
and Q0 = 113 MeV/c, respetively. The observable refers to
the onguration (30◦, 180◦, 45◦, 180◦); the angles are given
with respet to the diretion of the inoming eletron; the
notation is standard, e.g., explained in Ref. [13℄. Results of
the oupled-hannel potential with ∆-isobar exitation (solid
urves) are ompared with referene results of the purely nu-
leoni CD-Bonn potential (dashed urves).
over a rather large experimental detetion volume. How-
ever, the exitation energy in the experiment of Ref. [22℄
is well above pion-prodution threshold. Thus, the the-
oretial preditions of any model negleting pioni han-
nels as our potential CD Bonn + ∆ should be taken with
severe aution. Nevertheless, we present our results for
that higher energy in Fig. 5; we use the representation
of Ref. [22℄, but for simpliity we do not perform the
averaging. We note large ∆-isobar eets in partiular
kinematial regimes where the purely nuleoni alula-
tions presented in Fig. 7 of Ref. [22℄ learly underestimate
the data; the inlusion of the ∆ isobar may therefore be
able to redue that disrepany. However, we emphasize
that the employed potentials CD Bonn and CD Bonn
+ ∆ are unrealisti above pion-prodution threshold; in
ontrast to CD Bonn, the oupled-hannel potential CD
Bonn + ∆ yields inelastiities, but they show learly un-
physial, resonating and therefore unwanted strutures
in the
1D2 two-nuleon partial wave as already demon-
strated in Ref. [4℄, asting serious doubts on the size of
the alulated ∆-isobar eet in Fig. 5. Thus, a modi-
ed version of CD Bonn + ∆ with more realisti phase
shifts above pion-prodution threshold is developed for
exploratory reasons and also used for the preditions in
Fig. 5; it yields an expeted redution of the ∆-isobar ef-
fet, though the eet remains rather strong. The mod-
ied version of CD Bonn + ∆ works with a redued
oupling strength gσ∆∆ of the σ meson to the ∆ iso-
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FIG. 5: Eightfold dierential ross setion of
3He(e, e′pp)n
reation at 563.7 MeV eletron lab energy as a funtion of the
magnitude of missing momentum km = Q−k1−k2. The ele-
tron sattering angle, the momentum and energy transfer are
θe = −27.72
◦
, |Q| = 305 MeV/c and Q0 = 220 MeV/c,
respetively. The observable refers to the onguration
(53.8◦, 0.0◦, 92.9◦, 180.0◦). Results of the standard oupled-
hannel potential with ∆-isobar exitation (solid urve) and
of its modied version (dash-dotted urve) are ompared with
referene results of the purely nuleoni CD-Bonn potential
(dashed urve).
bar. The quality of the t to the two-nuleon sattering
data up to 350 MeV nuleon lab energy remains pra-
tially unhanged, but, unfortunately, the beneial ∆-
isobar eet on trinuleon binding gets almost ompletely
lost  the resulting binding energy of
3He inluding the
Coulomb interation is -7.329 MeV. Other modiation
shemes of CD Bonn + ∆ have not been tried yet. Any-
how, the data of Ref. [22℄ deserve a theoretial desription
with a two-baryon potential, extended realistially above
pion-prodution threshold.
C. Inlusive response funtions
Figures 6 - 9 present sample results for inlusive longi-
tudinal and transverse response funtions RL and RT of
unpolarized
3He and 3H.
Figures 6 and 7 ontain results for threshold data of siz-
able momentum transfer, i.e., 473 ≤ |Q| ≤ 927 MeV/c;
they are given as funtions of the exitation energy
Ex =
√
m2Bc
4 + 2mBc3Q0 −Q2c2 −mBc2. The longitu-
dinal response RL shows only a relatively small ∆-isobar
eet, not doumented in the plot, but there is a lear
need for relativisti orretions as seen already in the
trinuleon harge form fators; the same operator orre-
tions are used there and here. The transverse response
RT is rather well desribed, as the trinuleon magneti
form fators in Fig. 3 are, by the inlusion of the∆ isobar;
the purely nuleoni alulations of this paper as well as
those of Ref. [25℄, based on a dierent two-nuleon po-
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FIG. 6:
3He inlusive longitudinal response RL near thresh-
old for the momentum transfer |Q| = 487 MeV/c as fun-
tion of the exitation energy Ex. Results of the oupled-
hannel potential with ∆-isobar exitation without (solid
urves) and with seleted relativisti harge operator orre-
tions (dashed urves) are ompared. The experimental data
are from Ref. [24℄.
tential, fail in aounting for the experimental data at
higher momentum transfers.
Figures 8 and 9 ontain results for the responses
at higher energy transfers inluding the region of the
quasielasti peak. The ∆-isobar eets are rather in-
signiant. The overall agreement with the experimental
data is satisfatory, though a onsistent displaement of
the quasielasti peak for the responses at higher three-
momentum transfer in Fig. 9 is obvious. The displae-
ment ours in all responses, but it is more disernible
for the transverse responses whose peaks are more pro-
nouned. We think that that displaement is due to the
use of nonrelativisti kinematis for the baryons involved:
(1) The estimates for the position of the quasielas-
ti peak, i.e., Q2/2mN with relativisti kinematis and
Q2/2mN with nonrelativisti kinematis dier just by
that displaement. (2) In the plane-wave impulse ap-
proximation of the responses by one of the present au-
thors in Ref. [23℄ the use of relativisti kinematis in the
nal phase-spae element is important for the ahieved
agreement with experimental data. However, a alula-
tional improvement with respet to baryon kinematis is
not straightforward when the full dynamis is inluded.
Figures 10 and 11 present results for asymmetries
A(nB), measured in the experiments of Refs. [28, 29℄
around the four-momentum transfer Q2 = 0.1 and
0.2 (GeV/c)2. The ∆-isobar eets are rather insignif-
iant. The overall agreement between the experimen-
tal data and the theoretial preditions is rather good
for the lower four-momentum transfer, whereas at higher
momentum transfer there are some disrepanies.
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FIG. 7:
3He inlusive transverse response RT near thresh-
old around the momentum transfers |Q| = 473, 862 and
927 MeV/c from top to bottom as funtion of the exitation
energy Ex. Results of the oupled-hannel potential with ∆-
isobar exitation (solid urves) are ompared with referene
results of the purely nuleoni CD-Bonn potential (dashed
urves). The experimental data are from Ref. [25℄, |Q| being
the value at threshold there.
IV. SUMMARY AND CONCLUSIONS
The present paper ompletes our disussion [1, 2, 14℄
of e.m. three-nuleon proesses below pion-prodution
threshold. Its partiular fous is three-body disintegra-
tion and inlusive reations in inelasti eletron satter-
ing. The speialty of the desription is the use of a realis-
ti oupled-hannel potential with single ∆-isobar exita-
tion for the initial and nal hadroni states and the use
of a orresponding oupled-hannel e.m. urrent with
two-baryon ontributions. The ∆-isobar eets on ob-
servables therefore result from the eetive three-nuleon
fore  and a∆-modiation of the eetive two-nuleon
fore  and from orresponding eetive two- and three-
nuleon exhange urrents, all eetive hadroni and e.m.
interations mediated by the ∆ isobar and based on the
exhange of all onsidered mesons.
We nd large and beneial ∆-isobar eets for the
transverse response in the threshold region at rather high
momentum transfer |Q| > 800 MeV/c; all purely nule-
oni alulations fail in aounting for the orrespond-
ing experimental data. We also predit rather signiant
∆-isobar eets for the exlusive dierential ross se-
tion in partiular kinematial regimes. For the onsid-
ered response funtions and inlusive asymmetries up to
|Q| = 500 MeV/c the found ∆-isobar eets are small.
We see a need for an improvement of the presented
theoretial apparatus in three respets:
(1) As already disussed in Ref. [2℄, the employed bary-
oni potentials and the respetive e.m. urrents are not
fully onsistent, the potentials being nonloal and the
urrents being loal. Aording to our exploratory inves-
tigation [13℄ this lak of urrent onservation is prati-
ally not serious for the observables of eletrodisintegra-
tion onsidered in this paper. Nevertheless, oneptually
the development and the use of an improved and onsis-
tent e.m. urrent is quite desirable.
(2) Future experiments will fous on proesses above
pion-prodution threshold, even if only purely nuleoni
hannels are seleted for the expliit observation. The
data of Ref. [22℄ orresponding to our preditions of Fig. 5
are only one example. Thus, for those proesses the
present desription of the dynamis without an expliit
pion hannel is learly insuient; an improvement is
quite desirable. That improvement is also quantitatively
important as Fig. 5 proves.
(3) The four-vetor e.m. urrent is a relativisti on-
ept. Thus, the desription of the hadroni initial and
nal states should be based on ovariant dynami equa-
tions. Suh an extension of the present theoretial de-
sription is highly desirable.
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FIG. 8:
3He and 3H inlusive longitudinal and transverse response funtions RL and RT for the momentum transfer |Q| =
300 MeV/c as funtions of the energy transfer Q0. Results of the oupled-hannel potential with ∆-isobar exitation (solid
urves) are ompared with referene results of the purely nuleoni CD-Bonn potential (dashed urves). The experimental data
are from Ref. [26℄ (•) and from Ref. [27℄ ().
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FIG. 9:
3He and 3H inlusive longitudinal and transverse response funtions RL and RT for the momentum transfer |Q| =
500 MeV/c as funtions of the energy transfer Q0. Results of the oupled-hannel potential with ∆-isobar exitation (solid
urves) are ompared with referene results of the purely nuleoni CD-Bonn potential (dashed urves). The experimental data
are from Ref. [26℄ (•) and from Ref. [27℄ ().
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FIG. 10: The inlusive asymmetry A around (θB, ϕB) =
(0◦, 0◦) in 3~He(~e, e′) proess at four-momentum transfer Q2 =
0.1 and 0.2 (GeV/c)2 as funtion of the energy transfer
Q0. The inident eletron energy is 778 MeV. Results of
the oupled-hannel potential with ∆-isobar exitation (solid
urves) are ompared with referene results of the purely nu-
leoni CD-Bonn potential (dashed urves). The experimen-
tal data are from Ref. [28℄.
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APPENDIX A: INTEGRAL EQUATION FOR
CURRENT MATRIX ELEMENT
In this appendix the urrent matrix elements for
two- and three-body eletro disintegration of the trinu-
leon bound state, i.e., 〈ψ(−)α (qf )ναf |jµ(Q,K+)|B〉 and
〈ψ(−)0 (pfqf )ν0f |jµ(Q,K+)|B〉, are alulated.
The antisymmetrized fully orrelated three-nuleon
sattering states of internal motion in nuleon-deuteron
hannels, i.e., 〈ψ(−)α (qf )ναf |, and in three-body breakup
hannels, i.e., 〈ψ(−)0 (pfqf )ν0f |, are not obtained expli-
itly; they are alulated only impliitly when forming ur-
rent matrix elements. We introdue the state |Xµ(Z)〉,
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FIG. 11: The inlusive asymmetry A around (θB, ϕB) =
(135◦, 0◦) in 3~He(~e, e′) proess around the four-momentum
transfer Q2 = 0.1 and 0.2 (GeV/c)2 as funtion of the ex-
itation energy Ex. The inident eletron energies are 778
and 1727 MeV, and the eletron sattering sattering angles
are 23.7◦ and 15.0◦, respetively. Results of the oupled-
hannel potential with ∆-isobar exitation (solid urves) are
ompared with referene results of the purely nuleoni CD-
Bonn potential (dashed urves). The experimental data are
from Ref. [29℄.
dened aording to
|Xµ(Z)〉 = (1 + P )jµ(Q,K+)|B〉
+ PT (Z)G0(Z)|Xµ(Z)〉, (A1a)
|Xµ(Z)〉 =
∞∑
n=0
[PT (Z)G0(Z)]
n
× (1 + P )jµ(Q,K+)|B〉, (A1b)
as intermediate quantity with Z = Ei + i0 being the
three-partile available energy, T (Z) being the two-
baryon transition matrix and P the sum of the yli
and antiyli permutation operators of three partiles.
Equation (A1a) is an integral equation for |Xµ(Z)〉, anal-
ogous to that for the multihannel transition matrix
U(Z) of Ref. [5℄: Both equations have the same kernel,
only their driving terms are dierent. We therefore solve
Eq. (A1a) aording to the tehnique of Ref. [5℄, sum-
11
ming the Neumann series (A1b) for |Xµ(Z)〉 by the Padé
method. One |Xµ(Z)〉 is alulated, the urrent matrix
elements required for the desription of two- and three-
body eletro disintegration of the trinuleon bound state
are obtained aording to
〈ψ(−)α (qf )ναf |jµ(Q,K+)|B〉
=
1√
3
〈φα(qf )ναf |Xµ(Z)〉, (A2a)
〈ψ(−)0 (pfqf )ν0f |jµ(Q,K+)|B〉
=
1√
3
〈φ0(pfqf )ν0f |
(
1 + P
)[
jµ(Q,K+)|B〉
+ T (Z)G0(Z)|Xµ(Z)〉
]
. (A2b)
When alulating the inlusive response funtions, the
integration over all nal hadroni states is performed im-
pliitly, following the strategy of Ref. [2℄ for alulating
the total ross setion of photo disintegration. We dene
the general spin-dependent response funtion as follows,
i.e.,
Rλ
′λ
M′
B
MB (Q) = ǫ
∗
ν(Qλ
′)〈BM′B |[jν(Q,K+)]†
× δ(Ei −H0 −HI)
× jµ(Q,K+)|BMB〉 ǫµ(Qλ), (A3a)
Rλ
′λ
M′
B
MB (Q) = −
1
π
Im
{
ǫ∗ν(Qλ
′)〈BM′B|[jν(Q,K+)]†
×G(Ei+i0)jµ(Q,K+)|BMB〉 ǫµ(Qλ)
}
(A3b)
with the eetive polarization vetors ǫ(Qλ = ±1) =
∓ 1√
2
(0, 1,±i, 0) and ǫ(Qλ = 0) = (1, 0, 0, 0). The latter
hoie assumes urrent onservation, i.e., the longitudinal
part of the spatial urrent is replaed by the harge den-
sity j0(Q,K+) = j
µ(Q,K+)ǫµ(Qλ = 0), resulting in the
eetive form of ǫ(Qλ = 0) dierent from the standard
one as given, e.g., in Ref. [1℄. In ontrast to the rest of this
paper, we indiate the dependene on the spin projetion
MB of the trinuleon bound state in Eqs. (A3) expli-
itly. Note that all Rλ
′λ
M′
B
MB (Q) withM′B+λ′ 6=MB+λ
vanish. The auxiliary state G(Ei+ i0)j
µ(Q,K+)|B〉 of
Eq. (A3b) is related to |Xµ(Ei+i0)〉 aording to
G(Ei+i0)j
µ(Q,K+)|B〉
=
1
3
(1 + P )G0(Ei+i0)
[
jµ(Q,K+)|B〉
+ T (Ei+i0)G0(Ei+i0)|Xµ(Ei+i0)〉
]
. (A3)
The spin-averaged longitudinal and transverse re-
sponse funtions RL(Q) and RT (Q) and the spin-
dependent transverse and transverse-longitudinal re-
sponse funtions RT ′(Q) and RTL′(Q) are alulated a-
ording to
RL(Q) =
1
2
Tr
[
R00(Q)
]
, (A4a)
RT (Q) =
1
2
∑
λ=±1
Tr
[
Rλλ(Q)
]
, (A4b)
RT ′(Q) =
1
2
∑
λ=±1
λTr
[
Rλλ(Q)σBz
]
, (A4)
RTL′(Q) =
1
2
∑
λ′λ
Tr
[
Rλ
′λ(Q)σBx
]
. (A4d)
In Eqs. (A4) traes are alulated with respet to the spin
quantum numbers MB of the trinuleon bound state;
σBj are the ordinary spin-
1
2 partile spin operators, i.e.,
the Pauli matries, whih refer in this ontext to the
three-nuleon target.
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